Introduction {#sec1}
============

Hepatocellular carcinoma (HCC) is the major histological form of primary liver cancer, and causes significant morbidity and mortality worldwide.[@bib1], [@bib2] The five-year survival rate for patients with locally advanced or metastatic HCC remains low,[@bib2] largely because HCC is relatively resistant to conventional chemotherapy.[@bib3], [@bib4] Sorafenib, an oral multikinase inhibitor of the vascular endothelial growth factor receptor, provides limited clinical benefit for patients diagnosed when the cancer has already become regionally advanced or distantly metastatic.[@bib5], [@bib6] The clinical impact of the combination of sorafenib plus conventional therapies is still under investigation. Therefore, there is a need to develop novel therapies to improve the outcomes for patients with advanced HCC.

A number of recent studies investigating the initiation and progression of HCC, as well as its response to chemotherapy, have provided new insights into HCC prevention and therapy.[@bib5], [@bib6] Several studies have demonstrated that the *MDM2* oncogene is amplified and overexpressed in HCC and plays a crucial role in HCC development and progression.[@bib7], [@bib8], [@bib9] The overexpression of MDM2 has been linked to increased metastasis, decreased chemosensitivity and more aggressive behavior of HCC.[@bib10]

The MDM2 oncoprotein is an E3 ubiquitin ligase that targets the p53 tumor suppressor for degradation and represses the p53-mediated transactivation of its target genes, thereby acting as a major negative regulator of p53.[@bib11], [@bib12], [@bib13] MDM2 has also been found to exert its oncogenic activity in a p53-independent manner, promoting cell growth and invasion and decreasing cell apoptosis and chemosensitization.[@bib13], [@bib14], [@bib15] MDM2 knockdown inhibits cell growth, induces apoptosis, and sensitizes cancer cells to radiotherapy and chemotherapy, even in the absence of wild type p53, validating MDM2 as a promising therapeutic target for human cancers.[@bib13], [@bib16], [@bib17], [@bib18]

There has been increasing interest in developing MDM2 inhibitors that directly target MDM2 itself rather than the MDM2-p53 interaction, because MDM2-p53 inhibitors, such as nutlin-3,[@bib19] RITA,[@bib20] and MI-219,[@bib21] are only effective against tumors containing wild-type p53, and do not improve the outcomes of cancers with mutant p53. Genetic alterations of p53 are common in human HCC, and these cancers are more aggressive, more likely to metastasize, and largely unresponsive to this type of MDM2 inhibitor.[@bib22], [@bib23] Therefore, it is desirable to discover and develop novel MDM2 inhibitors that have direct effects on MDM2 and exert their anticancer activity independent of the p53 status of the cancer cells.

We have recently performed a computer-aided, structure-based rational drug design and high-throughput screening and discovered a novel small molecule MDM2 inhibitor, termed SP141.[@bib24], [@bib25] The present study was designed to evaluate the anti-HCC activity of SP141, its potential to chemosensitize HCC cells to other anticancer agents, and to determine the underlying mechanism(s) of action of SP141 in various *in vitro* and *in vivo* models of HCC with different backgrounds of p53 (wildtype, mutant, or null). We believe that our results demonstrate the therapeutic potential of targeting MDM2 for HCC and provide a basis for the further development of SP141 for HCC.

Methods {#sec2}
=======

Chemicals, antibodies, plasmids, cell lines, and reagents {#sec2.1}
---------------------------------------------------------

SP141 was synthesized and purified by our laboratories, and the structure was confirmed by UV, IR, MS and NMR spectroscopy.[@bib24], [@bib25] The purity of the compound was determined to be greater than 99%. Sorafenib was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). All chemicals and solvents were of analytical grade. The antibodies against human MDM2 (Ab-2) and p21 (Ab-1) were obtained from EMD Chemicals (Gibbstown, NJ). The antibodies against human p53 (DO-1), ZEB-1 (H120), and Twist (Twist2C1a) were sourced from Santa Cruz Biotechnology (Santa Cruz, CA). The antibodies against human vimentin (V9), ubiquitin (6C1), and β-actin (AC-15) were from Sigma (St. Louis, MO). The antibodies against human E-cadherin (36/E-Cadherin), N-cadherin (32/N-Cadherin), and β-catenin (14/Beta-Catenin) were purchased from BD Biosciences (San Jose, CA). The goat anti-mouse IgG (H + L) and goat anti-rabbit IgG (H + L) antibodies were from Bio-Rad (Hercules, CA). The wild-type MDM2 and mutant MDM2 (C464A without E3 ligase activity) expression vectors were kindly provided by Dr. J. Chen (Moffitt Cancer Center, Tampa, FL). The other plasmids used in this study were generated in our laboratory.

The immortalized normal human hepatocytes (CL48 and LO2) and HCC cell lines (HepG2, Hep3B, Huh7, SMMC-7721, MHCC97H,[@bib26] MHCCLM3,[@bib27] and PLC/PRF/5) were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The HepG2, Hep3B, and Huh7 cells were obtained from the American Type Culture Collection (Rockville, MD). The MHCC97-H and MHCC-LM3 were established as reported previously. The CL48, LO2, SMMC-7721, and PLC/PRF/5 cell lines were kindly provided by Dr. Y. Yen (City of Hope, Duarte, CA).

Assays for the *in vitro* anti-HCC activity of SP141 {#sec2.2}
----------------------------------------------------

The assays used to examine the effects of SP141 on cell viability (MTT assay), colony formation, cell migration (wound healing assay), and cell invasion (transwell invasion assay) were performed as reported previously.[@bib24], [@bib25], [@bib28] In brief, HCC cells were seeded in 96-well plates (3--4 × 10^3^ cells/well) for 24 h and treated with various concentrations of SP141 (0, 0.01, 0.05, 0.1, 0.2, and 0.5 μM) for another 72 h for the MTT assay. To determine the effects of SP141 on colony formation, the cells (1000 cells/well) in 6-well plates were exposed to SP141 (0, 0.2, or 0.5 μM) for 24 h, and then maintained in fresh medium for another 10 days. For the wound healing assay, confluent monolayers of HCC cell lines were scratched using a pipette tip and exposed to SP141 (0, 0.05, or 0.1 μM). Five different fields of each wound were then monitored and photographed at 0, 12, 24, and 48 h with a phase-contrast Olympus microscope (Olympus America Inc., PA, USA). To evaluate the effects of SP141 on cell invasion, the HCC cells (1--2 × 10^4^ cells/well) in the upper well of a Boyden chamber were treated with SP141 (0, 0.05, or 0.1 μM) for 24 h, followed by staining with Mayer\'s Hematoxylin and Eosin solution. The positively-stained areas were photographed and analyzed.

Western blotting and ubiquitination assays {#sec2.3}
------------------------------------------

For the Western blot analyses, the HCC cells and tumor tissues were lysed in NP-40 buffer with a protease inhibitor mixture (Sigma, St. Louis, MO). The lysates were centrifuged and the supernatants were collected and subjected to Western blot analyses.[@bib24], [@bib25] The ubiquitination of MDM2 was examined using the previously reported methods. In brief, HCC cells were co-transfected with ubiquitin and MDM2 plasmids and exposed to SP141 for 24 h. The cell lysates were immunoprecipitated with an anti-MDM2 antibody and the MDM2 ubiquitination was examined with an anti-ubiquitin antibody.[@bib24], [@bib25]

Immunofluorescence {#sec2.4}
------------------

The immunofluorescent detection of MDM2 was performed as described previously.[@bib24], [@bib25] Briefly, HCC cells were grown on sterile coverslips in 12-well plates (1--2 × 10^4^ cells/well) and exposed to SP141 at 0.5 μM for 24 h. The cells were then fixed in 4% formalin and incubated with an anti-MDM2 antibody at 4 °C overnight. The cells were subsequently incubated with Alexa Fluor 488 (anti-mouse), counterstained with DAPI, and imaged under a fluorescence microscope (Olympus America Inc. Irving, TX).

Cellular thermal shift assay {#sec2.5}
----------------------------

The ability of SP141 to bind MDM2 in HCC cells was assessed using the cellular thermal shift assay (CETSA).[@bib29] In brief, HepG2 and Huh7 cells were seeded into 60-mm dishes at a density of 6 × 10^5^ cells/dish and exposed to DMSO or 0.5 μM SP141 for 2 h. The cells were then harvested and resuspended in PBS and the cell suspensions were equally aliquoted into 12 PCR tubes. These were heated for 3 min at 42, 44, 46, 48, 50, 52, 54, 56, 58, 60, 62, or 64 °C. After three freeze-thaw cycles, the cells were lysed and the supernatants were subjected to Western blotting.

CRISPR/Cas9-mediated MDM2 knockout in HCC cells {#sec2.6}
-----------------------------------------------

CRISPR/Cas9 vectors containing sgRNA targeting MDM2 were designed and constructed to confirm the importance of MDM2 in HCC growth and to assess the impact of MDM2 knockout on the response of cells to SP141. A plasmid constructed with a protospacer sequence targeting GFP was used as the control vector. All of the specific target sequences were amplified and cloned into lenti-CRISPR vectors and verified by DNA sequencing.[@bib30] The primer sequence of sgRNA-MDM2 was 5′-GTTGGGCCCTTCGTGAGAAT-3′. The CRISPR/cas9 vectors were transiently transfected into HCC cells, then the cells were subjected to puromycin antibiotic selection for 24 h. The puromycin-resistant cells were maintained and expanded in fresh culture medium. The protein and mRNA expression levels of MDM2 in the transfected cells were examined by Western blotting and real-time quantitative PCR. The cleavage of MDM2 at the target loci in HCC cells was detected by the T7EN1 assay using the following primers: MDM2-clev-forward, 5′-TGCTAGCATTCCTGTGACTGAG-3′; MDM2-clev-reverse, 5′-AAAGCCCTCTTCAGCTTGTGT-3′.

Development of the HCC orthotopic tumor model, *in vivo* imaging, and histopathological studies {#sec2.7}
-----------------------------------------------------------------------------------------------

The animal protocols were approved by the Institutional Animal Use and Care Committee of the University of Houston. Male athymic nude mice (nu/nu, 4--6 weeks) were obtained from Charles River Laboratories International, Inc. (Wilmington, MA). HepG2-GFP cells were orthotopically implanted into the left liver lobe of nude mice. Tumor growth was monitored, and tumors were photographed once a week using an IVIS Lumina XR *in vivo* imaging system (Caliper, Mountain View, CA). After 10 days, nude mice with HepG2-GFP orthotopic tumors were randomly divided into control and treatment groups (10 mice/group). The mice in the treatment group were administered SP141 in PEG400:ethanol:saline (57.1:14.3:28.6, v/v/v) by intraperitoneal injection at 40 mg/kg/d, 5 d/wk for 20 days. The control group received the vehicle only. At the termination of the experiments, all mice were examined for tumor metastasis to the peritoneum and mesentery. The tumors were removed and processed for immunohistochemistry and Western blotting, and various tissues (lungs, brain, heart, liver, spleen, and kidneys) were removed and fixed for Hematoxylin and Eosin (H&E) staining.

The immunohistochemical staining and H&E staining were performed as described previously.[@bib24], [@bib25] Briefly, at the end of experiment, tumors and various tissues were removed from the nude mice bearing HepG2 orthotopic tumors, fixed in 10% formalin, and embedded in paraffin. The tumor and tissue sections (5 μm thick) were then prepared, deparaffinized in xylenes, rehydrated, and washed with PBS. The immunohistochemical staining for MDM2 was performed using biotinylated anti-human antibodies against MDM2 (diluted 1:50 in 5% BSA in PBS). Then, the sections were counterstained with hematoxylin, mounted, and analyzed. For H&E staining, tissue sections were stained in Mayer\'s Hematoxylin for 10 min and then stained with Eosin for 1 min. Finally, all of the sections were analyzed and imaged under a phase-contrast Olympus microscope (Olympus America Inc., Central Valley, PA).

Establishment of HCC patient-derived xenograft (PDX) models {#sec2.8}
-----------------------------------------------------------

Fresh tumor tissues from patients who underwent curative resection were placed in ice-chilled high-glucose DMEM with 10% FBS, 100 U/mL penicillin, and 100 U/mL streptomycin and rapidly processed for engraftment. After the removal of necrotic tissue, the tumor specimens were partitioned into 2 × 1 × 1 mm^3^ sections with a No. 10 scalpel blade under aseptic conditions and were washed three times in ice-cold PBS. Pieces of tumor tissues were subcutaneously transplanted with Matrigel (BD Biosciences) into the right flanks of male non-obese, diabetic, severe combined immunodeficient (NOD/SCID) mice (F0) (4--5 weeks old) using a No. 20 trocar.[@bib31] Tumor growth was recorded three to four times per week by measuring the length (L) and width (W) of the tumor with calipers. The tumor volume (TV, mm^3^) was calculated as TV = 0.5 × L × W^2^. The HMP431 (MDM2^high^) and HMP421 (MDM2^low^) PDX xenograft tumors were transplanted into a final cohort of mice (F4) that were treated with the compound. The mice in the treatment group were administered SP141 in PEG400:ethanol:saline (57.1:14.3:28.6, v/v/v) by intraperitoneal injection at a dose of 40 mg/kg/d, 5 d/wk for 4 weeks. The control group received the vehicle only. At the termination of the experiments, the tumors were removed and processed for immunohistochemical studies.

Statistical analysis {#sec2.9}
--------------------

All of the quantitative data were analyzed using the Prism software program version 6 (Graph Pad software Inc., San Diego, CA) and were reported as the means ± SEM from at least three independent experiments. The significance of differences from comparisons of multiple groups was analyzed using a one-way ANOVA or two-way ANOVA when there were one or two variables, respectively. Differences were considered statistically significant at *P* ≤ 0.05.

Results {#sec3}
=======

MDM2 is overexpressed in HCC cell lines and promotes HCC cell growth and invasion: further proof using CRISPR/Cas9 genome editing {#sec3.1}
---------------------------------------------------------------------------------------------------------------------------------

Although it has previously been shown that MDM2 is overexpressed in clinical specimens of HCC,[@bib7], [@bib8], [@bib9] we wanted to confirm that our *in vitro* models recapitulated this overexpression of MDM2 and its association with malignant characteristics. We first examined the MDM2 protein and mRNA expression levels in the CL48 (p53 wild-type (wt)) and LO2 (p53wt) normal human hepatocyte lines and in six HCC cell lines (HepG2 (p53 wt), Hep3B (p53 null), Huh7 (p53 mutant (mt)), MHCC97H (p53 mt), MHCCLM3 (p53 wt), and PLC/PRF/5 (p53 mt)). The data indicated that both the mRNA and protein levels of MDM2 in HCC cells were higher than those in normal hepatocytes (data not shown). To demonstrate the importance of MDM2 in the growth and invasion of HCC cells, we established MDM2 knockout (KO) HepG2, Huh7 and MHCCLM3 cell lines using CRIPSR/Cas9 genome editing. The mRNA and protein expression of MDM2 in the MDM2 KO cell lines and their corresponding parental cell lines are shown in [Figs. S1A and S1B](#appsec1){ref-type="sec"}. The CRISPR/Cas9-mediated MDM2 KO reduced the HCC cell growth and invasion ([Figs. S1C and S1D](#appsec1){ref-type="sec"}), regardless of the p53 status of the cells, confirming that MDM2 has a critical role in HCC tumor growth and metastasis.

SP141 inhibits HCC cell growth and metastasis *in vitro*, independent of p53 {#sec3.2}
----------------------------------------------------------------------------

SP141 was examined for its effects on cell viability in the normal human hepatocyte and HCC cell lines mentioned above. As shown in [Fig. 1](#fig1){ref-type="fig"}A, all HCC cell lines were sensitive to SP141 treatment, and had submicromolar IC~50~ values (0.15--0.37 μM), regardless of their p53 status. The normal hepatocytes were much significantly less sensitive to the compound (4.04--8.41 μM), indicating that SP141 exhibits selective cytotoxicity to cancer cells. Similarly, SP141 significantly inhibited the colony formation of HepG2, Huh7, and MHCCLM3 cells in a concentration-dependent and p53-independent manner ([Fig. 1](#fig1){ref-type="fig"}B).Figure 1*In vitro* activity of SP141 in human HCC cells. (A) Non-malignant human hepatocytes (LO2 and CL48) and HCC cells were exposed to various concentrations (0, 0.01, 0.05, 0.1, 0.2, and 0.5 μM) of SP141 for 72 h, followed by measurement of the cell viability via MTT assays. HCC cells were treated with various concentrations of SP141 for 24 h or 48 h, then examined for their (B) clonogenic survival; (C) migration ability; (D) invasion ability; and (E) expression of EMT-related proteins. All assays were performed in triplicate and repeated three times. (\**P* \< 0.05 and ^\#^*P* \< 0.01).Figure 1

MDM2 overexpression is correlated with metastasis in HCC.[@bib32] SP141 was further assessed for its effects on cell migration and invasion in HCC cell lines with high metastatic potential.[@bib27] As shown in [Fig. 1](#fig1){ref-type="fig"}C, in comparison to the control (treated with vehicle) Huh7 and MHCCLM3 cells, low concentrations (0.05 and 0.1 μM) of SP141 effectively prevented the migration of cells into wounded areas. These concentrations of this compound also inhibited the invasion of HepG2, Huh7, and MHCCLM3 cells in a p53-independent manner ([Fig. 1](#fig1){ref-type="fig"}D). Considering that SP141 prevented HCC cell migration and invasion, we examined its effects on markers of the epithelial--mesenchymal transition (EMT), a process involved in cell migration and invasion, as well as metastasis.[@bib33] We found that SP141 decreased the protein levels of ZEB-1, N-cadherin, vimentin, and Twist, and increased the protein level of E-cadherin in all three HCC cell lines, with significant effects observed beginning at 0.05 μM ([Fig. 1](#fig1){ref-type="fig"}E).

SP141 induces MDM2 degradation, regardless of the p53 status {#sec3.3}
------------------------------------------------------------

SP141 has previously been demonstrated to specifically bind the MDM2 protein and induce MDM2 degradation.[@bib12] This compound effectively bound the MDM2 protein in HepG2 and Huh7 cells, as demonstrated using the CETSA assay ([Fig. 2](#fig2){ref-type="fig"}A). We further examined the effects of SP141 on MDM2 and related proteins in HepG2 and Huh7 cells. SP141 treatment significantly reduced the MDM2 expression and increased the protein expression of wild-type p53 and p21 in a concentration-dependent manner ([Fig. 2](#fig2){ref-type="fig"}B). However, there were no effects on mutant p53. The SP141-induced MDM2 degradation was confirmed by an immunofluorescence study in both HepG2 and Huh7 cells ([Fig. 2](#fig2){ref-type="fig"}C). SP141 was then examined for its effects on MDM2 protein turnover in these cells. As shown in [Fig. 2](#fig2){ref-type="fig"}D, SP141 shortened the protein half-life of MDM2 and extended the half-life of wild-type p53. As expected, the compound did not affect mutant p53. We also found that MG-132, a proteasome inhibitor, reduced the inhibitory effects of SP141 on MDM2 in both HepG2 and Huh7 cells ([Fig. 2](#fig2){ref-type="fig"}E), suggesting that SP141 inhibits MDM2 by promoting its proteasomal degradation.Figure 2SP141 induces MDM2 degradation in human HCC cells. (A) HepG2 and Huh7 cells were exposed to 1 μM of SP141 for 2 h, followed by cellular thermal shift assays. (B) HCC cells were exposed to various concentrations of SP141 for 24 h. The protein expression levels of MDM2, p53, and p21 were determined. (C) The HepG2 and Huh7 cells were exposed to vehicle or SP141 (0.5 μM) for 24 h, followed by immunofluorescence detection of MDM2. (D) The cells were treated with or without SP141 for 24 h, followed by exposure to a protein synthesis inhibitor, cycloheximide (CHX, 15 μg/mL). The protein levels of MDM2 and p53 were detected at the indicated times after exposure to CHX. (E) The HepG2 and Huh7 cells were treated with or without SP141 (0.5 μM) for 24 h. They were then exposed to MG-132 (25 μM), a proteasome inhibitor, for an additional 6 h. The protein levels of MDM2 and p53 were detected by Western blotting. (F) The cells were co-transfected with MDM2 and ubiquitin plasmids, followed by treatment with SP141 (0, 0.2 and 0.5 μM) for 24 h. Then the cell lysates were subjected to immunoprecipitation with an anti-MDM2 antibody. The ubiquitinated MDM2 was detected using an anti-ubiquitin antibody. (G) The cells were transfected with a wild-type MDM2 plasmid or a mutant MDM2 plasmid (C464A) without E3 ligase activity, followed by exposure to SP141 (0, 0.2 and 0.5 μM) for 24 h. The MDM2 protein levels were detected. All assays were performed in triplicate and repeated three times.Figure 2

We and other investigators have demonstrated that MDM2 degradation mainly depends on its auto-ubiquitination.[@bib12] Thus, we investigated the effects of SP141 on MDM2 ubiquitination. As shown in [Fig. 2](#fig2){ref-type="fig"}F, SP141 induced MDM2 ubiquitination in a concentration-dependent manner in both HepG2 and Huh7 cells. It was further observed that SP141 only promoted the degradation of wild-type MDM2, with no significant effect on a MDM2 mutant (C464A) lacking ubiquitin E3 ligase activity ([Fig. 2](#fig2){ref-type="fig"}G). This indicated that SP141 induces MDM2 protein degradation by promoting its auto-ubiquitination.

CRISPR/Cas9-mediated MDM2 knockout blocks SP141\'s anticancer activity {#sec3.4}
----------------------------------------------------------------------

To demonstrate that the effects of SP141 on MDM2 are critical to its anticancer activity, we investigated its effects in the MDM2 knockout (KO) HepG2 and Huh7 cell lines described above that were generated using the CRISPR/Cas9 system. As shown in [Fig. 3](#fig3){ref-type="fig"}A, MDM2 KO reduced the effects of SP141 on wild-type p53 activation. We further observed that MDM2 KO decreased SP141\'s effects on cell growth ([Fig. 3](#fig3){ref-type="fig"}B) and invasion ([Fig. 3](#fig3){ref-type="fig"}C), confirming the critical role of MDM2 in the anti-HCC activity of SP141.Figure 3CRISPR/Cas9-mediated MDM2 knockout blocks SP141\'s activity in HCC cells. HepG2 and Huh7 cell lines with or without CRISPR/Cas9-mediated MDM2 knockout (sgMDM2) were exposed to various concentrations of SP141 for (A) 24 h for analyses of protein expression or (B) 72 h for cell viability measurement via MTT assays. (C) These cells were then treated with or without SP141 (0.05 μM) for 24 h, followed by measurement of the cell invasion via transwell cell invasion assays. All assays were performed in triplicate and repeated three times. (\**P* \< 0.05 and ^\#^*P* \< 0.01).Figure 3

SP141 sensitizes HCC cells to sorafenib treatment {#sec3.5}
-------------------------------------------------

Considering that MDM2 plays an important role in the chemoresistance of HCC,[@bib10] SP141 was evaluated for its potential to sensitize HepG2 and Huh7 cells (and their corresponding MDM2 KO cells) to sorafenib treatment. As shown in [Fig. 4](#fig4){ref-type="fig"}A and B, treatment with a sublethal concentration of SP141 (0.1 μM) effectively increased the sensitivity of the parental HepG2 and Huh7 cells to sorafenib and significantly enhanced the inhibitory effects of sorafenib on the growth and invasion of both of these cell lines. However, treatment with SP141 did not affect the sorafenib sensitivity of the MDM2 KO cell lines.Figure 4SP141 sensitizes hepatocellular carcinoma cells to sorafenib. (A) HepG2 and Huh7 cells with or without sgMDM2 were treated with SP141 (0.1 μM) and various concentrations (0, 0.5, 1, 2, 5 and 10 μM) of sorafenib for 72 h to evaluate the cell viability via MTT assays. (B) The cells with or without sgMDM2 were treated with SP141 (0.1 μM) and sorafenib (2 μM) for 24 h to measure the cell invasion via transwell invasion assays. (C) The cells with or without sgMDM2 were treated with SP141 (0.1 μM) and various concentrations of sorafenib for 24 h prior to analyses of the protein expression. All assays were performed in triplicate and repeated three times. (\**P* \< 0.05 and ^\#^*P* \< 0.01).Figure 4

We also examined the expression of MDM2-related proteins in the parental and MDM2 KO HCC cells that were treated with or without SP141 and/or sorafenib. As shown in [Fig. 4](#fig4){ref-type="fig"}C, sorafenib treatment did not have any effects on the expression of MDM2 and p53 in the parental cells. However, the combination of SP141 plus sorafenib significantly decreased MDM2 and increased p53 expression additively. In the CRISPR/Cas9-induced MDM2 KO cells, the effects of SP141 on p53 activation were greatly reduced ([Fig. 4](#fig4){ref-type="fig"}C). In addition, MDM2 KO also attenuated the chemosensitization of the HCC cells to sorafenib by SP141.

SP141 inhibits tumor growth and metastasis in an orthotopic HepG2 model {#sec3.6}
-----------------------------------------------------------------------

We further assessed the *in vivo* efficacy of SP141 in an orthotopic HepG2 tumor model. As shown in [Fig. 5](#fig5){ref-type="fig"}A, nude mice bearing orthotopic HepG2 tumors were treated with SP141 at 40 mg/kg/day, 5 days/week for 20 days, resulting in 51.3% inhibition of tumor growth compared to the vehicle-treated mice ([Fig. 5](#fig5){ref-type="fig"}B). However, no remarkable differences were observed in the average body weights in the control and treatment groups, suggesting that SP141 did not induce significant systemic toxicity ([Fig. 5](#fig5){ref-type="fig"}C). At the end of the *in vivo* studies, we examined the effects of SP141 on HepG2 tumor metastasis to various organs. Necropsies showed that 8 and 7 out of 12 control mice developed metastatic lesions in the peritoneum and mesentery, respectively ([Fig. 5](#fig5){ref-type="fig"}D). However, SP141 treatment decreased the incidence of peritoneal dissemination and mesenteric metastasis to 5/10 and 4/10, respectively ([Fig. 5](#fig5){ref-type="fig"}D).Figure 5SP141 suppresses tumor growth and metastasis in an orthotopic model of HCC. HepG2-GFP cells were implanted orthotopically into the left liver lobe of nude mice. Nude mice bearing HepG2-GFP orthotopic tumors were administered SP141 by i.p. injection at a dose of 40 mg/kg/d, 5 d/wk for 20 days. (A) Tumor size was monitored once every 5 days by fluorescence imaging via an IVIS *in vivo* imaging system. (B) On Day 20, the average tumor mass (determined by the detected photons/sec) of the SP141-treated mice was compared with that of the control mice. (C) The mice were monitored for changes in body weight as a surrogate marker for toxicity. (D) At the termination of the experiments, the numbers of mice with metastasis to the peritoneum and mesentery were counted. Representative images showing mesenteric metastasis are presented. (E) The tumors were excised and analyzed for the expression of proteins of interest by immunohistochemistry (scale bar, 20 μm) and Western blotting assays (each lane represents a different tumor sample). (F) Representative H&E-stained tissue and organ samples are presented (scale bar, 20 μm). (\**P* \< 0.05 and ^\#^*P* \< 0.01).Figure 5

Next, we examined the effects of SP141 on MDM2 in the orthotopic HepG2 tumors by immunohistochemical staining and Western blotting ([Fig. 5](#fig5){ref-type="fig"}E). Our findings indicated that the expression level of MDM2 was significantly reduced by this compound *in vivo*. Consistent with the *in vitro* results, SP141 increased the expression levels of wild-type p53 and E-cadherin and decreased the expression levels of ZEB-1, N-cadherin, and Twist in the orthotopic HepG2 tumors *in vivo* ([Fig. 5](#fig5){ref-type="fig"}E). Of note, the histopathological examinations of various tissues (liver, lung, kidneys, spleen, heart, and brain) from both control and SP141-treated mice indicated that SP141 did not cause damage to any of these organs, consistent with the lack of overt toxicity in the mice ([Fig. 5](#fig5){ref-type="fig"}F).

SP141 inhibits tumor growth in HCC PDX models, and these effects are dependent on MDM2 expression {#sec3.7}
-------------------------------------------------------------------------------------------------

Clinically-relevant patient-derived xenograft (PDX) models have been widely used in translational research and have provided improved predictive value for the clinical outcomes compared to conventional models.[@bib31] To determine whether SP141 is effective against HCC PDX tumors, the compound was administered to NOD/SCID mice bearing HCC PDX tumors with different MDM2 expression. As shown in [Fig. 6](#fig6){ref-type="fig"}A, SP141 inhibited the growth of the HMP412 (MDM2^high^) xenograft tumors by about 52.2% (P \< 0.01) on Day 28. However, in the HMP431 (MDM2^low^) xenograft model, SP141 treatment at the same dose did not significantly affect the tumor growth compared with untreated mice ([Fig. 6](#fig6){ref-type="fig"}B). No significant differences in the body weights of the mice in the different treatment groups were observed, again suggesting that SP141 was not overtly toxic at the effective dose ([Fig. 6](#fig6){ref-type="fig"}C and D).Figure 6Low MDM2 expression blocks the inhibitory effects of SP141 in HCC PDX models. HMP412 (MDM2^high^) and HMP431 (MDM2^low^) tumor tissues from patients were implanted into the right flanks of male NOD/SCID mice. After the tumors had grown through three subsequent cycles of excision, fragmentation, and transplantation in new mice, SP141 was administered by i.p. injection at a dose of 40 mg/kg/d, 5 d/wk for 4 weeks. The tumor size was monitored every 4 days in both the HMP412 (MDM2^high^) (A) and HMP431 (MDM2^low^) (B) models. The mice were monitored for changes in body weight as a surrogate marker for toxicity in the HMP412 (MDM2^high^) (C) and HMP431 (MDM2^low^) (D) models. At the termination of the experiments, the HMP412 (E) and HMP431 (F) tumors were removed and analyzed for the protein expression of MDM2 by immunohistochemistry (scale bar, 20 μm). Representative images are shown.Figure 6

We further assessed the effects of SP141 on MDM2 in the two PDX models. As expected, the MDM2 levels were dramatically decreased in the SP141-treated HMP412 (high MDM2 expression) tumors compared with the controls ([Fig. 6](#fig6){ref-type="fig"}E), but this was not observed in the HMP431 model with low MDM2 expression ([Fig. 6](#fig6){ref-type="fig"}F), indicating the critical role of MDM2 in SP141\'s anticancer activity.

Discussion {#sec4}
==========

MDM2 is overexpressed and activated in various human cancers, and plays pivotal roles in cancer development and progression, acting via pathways both dependent on and independent of p53.[@bib13], [@bib14], [@bib15] Given the critical involvement of MDM2 in these processes, it has been the target of numerous strategies intended to treat or prevent cancer. In the present study, we have demonstrated that SP141, which directly binds MDM2 and promotes MDM2 degradation, inhibits cancer cell growth and invasion, induces apoptosis, and sensitizes HCC cells to sorafenib, regardless of their p53 status. Mechanistically, SP141 increases MDM2 self-ubiquitination and promotes its proteasomal degradation. This is distinct from the mechanisms of action of the previously reported MDM2 inhibitors and various inhibitors currently under development, and SP141 is effective even against tumors and cells lacking wild type p53.

Our results in both orthotopic and PDX models demonstrated that SP141 treatment led to significant anti-tumor and anti-metastatic effects. Moreover, SP141 treatment did not lead to any significant loss of body weight or organ damage, suggesting that SP141 was safe at the effective doses. We also demonstrated that the potency and selectivity of SP141 may be due to its inhibition of MDM2, because the various models with different MDM2 expression levels clearly demonstrated that SP141\'s anticancer activity was dependent on its inhibition of MDM2. The MDM2 CRISPR/Cas9-mediated KO cells and tumors with low endogenous MDM2 expression were resistant to SP141, displaying decreased sensitivity *in vitro* and attenuated effects *in vivo*.

There are several reasons why SP141 is particularly effective against human HCC. First, MDM2 overexpression and p53 mutation occur frequently and simultaneously in human HCC.[@bib7], [@bib8], [@bib9], [@bib10], [@bib22], [@bib23] Second, MDM2 is associated with the progression, metastasis, and response to chemotherapy in HCC, regardless of the p53 status.[@bib7], [@bib8], [@bib9] Third, SP141\'s anticancer activity depends on MDM2 inhibition, and does not require functional p53.

In summary, SP141 is a specific MDM2 inhibitor that exhibited potent anti-HCC activity alone and in combination with sorafenib in clinically-relevant models of HCC. The inhibition of MDM2 by SP141 resulted in the inhibition of HCC tumor growth and metastasis and the sensitization of HCC cells to chemotherapy with sorafenib, regardless of the p53 status of the cancer cells/tumors. Our results provide additional evidence that MDM2 is a valid target for HCC therapy, and provide a novel candidate for further development as a treatment for HCC. The present results also provide a better understanding of the mechanisms of action of SP141, suggesting new strategies for targeting MDM2 for cancer therapy.
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